Nanomaterial surface states can effectively modify or even dominate their physical and chemical properties due to large surface-to-volume ratios. Such surface effects are highly dependent on particle size and ligand coverage, yet the underlying electronic-level mechanism still remains unknown. Using TiO2 nanosheet as a model system, we reveal the electronic nature of coveragedependent nanosurface effects through varying ligand coverage and probing the modified surface bonding and electronic band structures with near-edge X-ray absorption fine structure. We discover experimentally that surface ligands can competitively polarize the 3d orbitals of surface Ti atoms into chemisorption states, which is cooperative with increased ligand coverages. Such coveragedependent cooperative orbital redistribution accounts for various nanosurface effects on regulating the electronic structure, surface reactivity, optical property, and chemisorption of nanomaterials.
Chemisorption is crucial for catalysis, electrochemistry, crystal growth, surface electron transfer, etc. At the nanometer scale, particle size and ligand coverage can significantly affect the surface chemistry of nanomaterials apart from the chemical structures of solid surfaces and ligands (1, 2). In particular, the surface ligation states can even dominate physical and chemical performances of nanomaterials owing to the extremely large surface-to-volume ratios (1, [3] [4] [5] . Typically, sub-5-nm nanomaterials can often display size-dependent catalytic capability (6, 7) . The optical properties of semiconductor nanoparticles (NPs) and metal nanoclusters (NCs) can also be influenced by both particle size and ligand coverage (1, (8) (9) (10) (11) (12) (13) (14) . For example, the photoluminescent quantum yield (PLQY) of CdSe NPs can be enhanced by increasing the coverages of oleic acids (9) ; the photoluminescent wavelength of thiolated Au NCs can be modified by varying ligands coverages (8) . The physical nature driving the origin of these nano effects in the surface science of nanomaterials, however, has long been enigmatic, because they cannot be simply explained by the geometrical parameters of decreased size, increased specific surface area or defect ratios (1, [15] [16] [17] .
Fundamentally, the nano effects regarding nanosurface chemistry ultimately originate from the varied electronic structures through surface coordination bonds with the ligands (16, 18, 19) . Thus a general understanding of the mysteries in nanosurface chemistry (surface reactivity, size effect, and coverage effect) must rely on elucidating the electronic-level mechanisms of moleculesurface interactions at the nanometer scale. But the electronic-level insights into nanosurface effects are experimentally hindered by the difficulties in selectively probing surface ligation bonds and the altered electronic structures of nanomaterials. This goal relies on both characterization technologies and ideal material models because chemisorption can only effectively perturb the bonding and electronic structures of top-layer atoms, and the interfering signals from the bulk phase should be highly reduced (20, 21) . Although scanning tunneling microscopy (STM) and photoelectron spectroscopies (PES) can study the physicochemistry on flat surfaces of single crystals (22, 23) , it is challenging to effectively probe the surface chemical bonds and perturbed surface electronic states of most nanomaterials. Two-dimensional (2D) nanosheets (NSs) with atomic thicknesses are rising as promising models to study the mechanisms of surface chemistry and catalysis due to the definite surface structures (24, 25) . With almost all the atoms locating on the surfaces, 2D NSs are ideal systems to investigate the electronic mechanisms of ligation effects and coverage effects in nanosurface science, as the interfering signals from the bulk can be highly decreased. Using 0.4-nm-thick TiO2(B) NSs as a model system, herein we illuminate how ligand coverage tunes the optical absorption and electronic structures of nanomaterials. Through characterizing the varied surface bonding and electronic structures by near edge X-ray absorption fine structure (NEXAFS) spectroscopy, we show that surface ligands can effectively confine the 3d orbitals of surface Ti atoms into chemisorption states. This interaction competitively redistributes the surface atomic orbitals from delocalized energy band states to localized chemisorptive bonds, which is cooperative and coverage-dependent on the nanoscale. We propose that increasing ligand coverage can modify the optical properties of surface states, narrow electronic energy bands, enhance the surface reactivity and strengthen chemisorption on nanomaterials. TiO2(B) nanosheets (Fig. 1A and fig. S1 ) were prepared by hydrolyzing TiCl3 in ethylene glycol (EG) (26) and expose (010) facet as determined by indexing the fast Fourier transformation (FFT) of a high-resolution transmission electron microscopy image (HRTEM, Fig. 1B and fig. S2 ). Fourier transform infrared spectra (FTIR, Fig. 1C and fig. S3 ) of EG on the NSs show that the O-H modes at 3300 cm -1 and 1400 cm -1 are highly reduced and C-O modes shift towards higher wavenumbers by 42 and 34 cm -1 , respectively, while the positions of C-C and CH2 modes remain unchanged. The results indicate that EG molecules bind to surface Ti sites by dissociating -OH groups, which is further confirmed by 13 C solid-state nuclear magnetic resonance (ssNMR) spectra (Fig. 1D ). The ssNMR results show that the 13 C resonance arising from CH2 at 63.2 ppm in EG shifts to lower fields at 78.0 ppm in NSs (27) . By comparing the deconvolution results ( Fig. 1D) we assign the 78.1-ppm resonance to bidentate EG ligands, the resonance at 64.8 ppm and the shoulder peak at 71.5 ppm to HO-CH2-and -CH2-O-Ti of monodentate EG ligands, and the resonance at 63.2 ppm to physisorptive EG molecules, respectively. Our calculations show that about 91.6% surface Ti sites are occupied by bidentate EG based on the integrated intensity ratio of bidentate to monodentate ligands ( Fig. 1E and fig. S4 ). Based on the ssNMR EG coverages and saturated adsorption models, we further calculated the weight ratios of EG to TiO2 for TiO2(B) NSs with varied thicknesses in the b dimension ( fig. S5 and table S1). The w(EG):w(TiO2) ratio of TiO2(B) NSs is ~27.3% as characterized by thermal gravimetric analysis (TGA, fig. S6 ), which matches the calculated value of 27.2% for a 3-layer model (table S1) Optical absorption, characterized by UV-visible diffuse reflectance spectroscopy (DRS) and further transformed with Kubelka-Munk function ( Fig. 2A and fig. S7 ) (28) , was used to investigate coverage effects on modifying nanomaterial electronic structures. A series of TiO2(B) nanosheet samples with varied EG coverages (θ) were prepared by etching off the ligands with HNO3, and their shapes, long-range ordered crystal structures and local atomic configurations keep unchanged as characterized by TEM, X-ray diffraction (XRD) and extended X-ray absorption fine structure (EXAFS) ( fig. S8, S9 ). TiO2(B) nanowires (NWs, fig. S10 ) with diameters between 50 and 200 nm were chosen as a bulk control. The electronic band gap of TiO2(B) NWs is 3.19 eV ( Fig. 2A) , a typical value of TiO2, and it increases to 3.58 eV for raw TiO2(B) NSs saturated by EG ligands and decreases to 3.19 eV after etching off 58% EG ( Fig. 2A) . This phenomenon suggests that the band gaps of TiO2(B) NSs are affected by EG coverages. We therefore performed more detailed studies by combining optical absorption and coverage quantification of EG through quantifying the amounts of C in the NSs ( fig. S11 and table S2 ). As shown in Fig. 2B , the band gaps vary from 3.19 eV when θ < 0.56 to 3.58 eV when θ = 1. At low coverages (θ < 0.56), etched TiO2(B) NSs show bulk-like band gaps, indicating the ligation interactions are not strong enough to modify the bulk electronic structures. However, this surface effect can be enhanced effectively by increasing EG coverages, especially when θ > 0.90. At high coverages, the band gaps are more sensitive to EG coverages, suggesting the surface ligation states dominate the total electronic structures and optical properties. The cooperative orbital redistributions can narrow the energy bands, shift band edges, and confine SAOs in chemisorption states. Further, both surface reactivity and chemisorption strength will be enhanced by increasing coverages.
To reveal the underlying electronic mechanism of such coverage-dependent surface effects, we characterized the varied bonding and electronic structures with NEXAFS (Fig. 2C, 2D and fig.  S12 ) to probe the densities of unoccupied electronic states. For TiO2, the empty states arise from antibonding orbitals formed by Ti 3d, 4s, 4p with O 2p atomic orbitals (AOs), which locate in the conduction band and further split into four sub-bands of t2g, eg, a1g and t1u symmetries at the oneelectron level. In an octahedral ligand field, the five-fold degenerate Ti 3d AOs split into two groups of molecular orbitals (MOs): σ-type 3dσ orbitals in eg sub-band evolved from dx 2 -y 2 and dz 2 AOs and π-type 3dπ orbitals in t2g sub-band from dxy, dxz and dyz orbitals ( fig. S13) (29) . Ti-L and O-K edges correspond to electronic dipole transitions of Ti 2p→Ti 3d and O 1s→O 2p, respectively Changes in the peak width of eg band and the relative intensity ratio of t2g to eg (It2g/Ieg) directly echo the varied local and extended bonding features of Ti 3d AOs and the ratios of Ti 3d and O 2p in unoccupied electronic states (30) .
For TiO2(B) nanowires, the Ti-L3 eg peak splits due to the geometry distortion of [TiO6] octahedron (Fig. 2C and fig. S12) ; the eg band is wider than t2g band because σ bonds are more overlapped and delocalized (Fig. 2E1 ) than π bonds (Fig. 2E2) ; the It2g/Ieg ratio of nanowire O-K edge (3:2, Fig. 2D ) is consistent with the results of bulk TiO2 (31) . Therefore, TiO2(B) nanowires can be taken as a bulk model, whose σ-type 3dσ orbitals (dz 2 ) in eg band and π-type 3dπ orbitals (dxz and dyz) in t2g band distribute uniformly in [TiO6] octahedral ligand fields (Fig. 2E) .
The electronic features of coverage effects are revealed by comparing the NEXAFS results of nanowires, nanosheets and etched nanosheets (Fig. 2C, 2D, fig. S12 ). Compared to nanowires, the Ti-L3 eg peaks of nanosheets and etched nanosheets obviously become narrower and the splitting decreases, indicating reduced overlaps and delocalization of dz 2 orbitals in TiO2(B) lattices. The narrowed eg bands mainly result from size reduction, because the atomic thickness removes longrange lattice periodicity and effectively suppresses the delocalization of dz 2 orbitals to form eg bands. The Ti-L3 eg peak of etched nanosheets is broader than that of raw nanosheets (Fig. 2C) , so surface ligands must also contribute to the suppressed delocalization of dz 2 orbitals and narrowed eg bands. For nanosheets, the 3dz 2 orbitals of surface Ti atoms are partly polarized and localized into chemisorptive states with EG ligands, thus the delocalization is further decreased (Fig. 2F1) . For etched nanosheets, most five-fold coordinated surface Ti atoms (Ti5f) locate in pyramidal configurations, thus their 3dz 2 orbitals are less polarized into chemisorption states but tend to extend into the lattice to enhance and broaden eg bands (Fig. 2G1) (30) .
Coverage effects on  bonds are revealed by analyzing the varied It2g/Ieg of Ti-L3 and O-K edges. Compared with nanowires, the Ti-L3 It2g/Ieg decreases from 0.96 to 0.90 for nanosheets, suggesting reduced ratios of unoccupied Ti 3dπ states in t2g bands, while the increased O-K It2g/Ieg from 1.32 to 1.64 suggests increased ratios of unoccupied O 2pπ states in t2g bands. The difference further indicates that EG ligands also bond to Ti atoms through overlapping their O 2pπ orbitals with Ti 3dπ orbitals, in which O 2pπ shares electron pairs with Ti 3dπ. As a result, Ti 3dπ orbitals also polarize into chemisorption states, which decreases their delocalization into the lattices to form t2g bands (Fig. 2F2) . For etched nanosheets, It2g/Ieg of Ti-L3 and O-K are close to that of nanowires, suggesting they possess similar t2g bands, which matches their equal band gaps ( Fig.  2A) . It follows that Ti 3dπ AOs also tend to extend into the lattices to form t2g bands without confinement of EG ligands (Fig. 2G2) .
The above NEXAFS results show that surface EG ligands can competitively redistribute surface Ti 3d orbitals of TiO2(B) nanosheets through polarizing them from delocalized energy band states to localized chemisorptive states. To understand the general electronic features of nanosurface chemistry, we introduce a parameter, the distribution fraction (f) of a surface atomic orbital (SAO), to further reveal such competitive orbital redistributions (Fig. 3) . For surface atoms, their valence SAOs can mainly distribute into two parts, confined into localized surface states (fS) or delocalized into extended systems to form Bloch states in energy bands (fB). Since AOs are normalized, we have fS+fB =1. Assuming the confined surface states correspond to chemisorption, then fS is a descriptor measuring surface reactivity and the strength of chemisorption, while fB represents the contribution to the energy band and correlates to band width.
The quantum normalization feature of AOs implies fS and fB are competitive, and cooperativity among adsorbates can exist to simultaneously redistribute SAOs at different surface sites. For adsorbates, such cooperative effects are coverage-dependent as shown in Fig. 3 . On clean surfaces (I) SAOs mainly delocalize into the lattice, thus nanomaterials show their intrinsic electronic structures. At low coverages (II), adsorbates partly polarize SAOs into chemisorption states, but cannot effectively modify band structures. The perturbation effects can be enhanced by increasing adsorbate coverages (II→III), which confines more SAO fractions in surface states and decreases their delocalization through increasing fS while reducing fB. For nanostructures with extremely large surface-to-volume ratios, such as TiO2(B) nanosheets, both fS and fB reach the extrema at highly saturated coverages (IV), then adsorbates can effectively extract SAOs from energy bands to form strong chemisorption interactions. We propose that the electronic nature of coveragedependent surface effects lies in cooperatively increasing fS but competitively decreasing fB upon increasing ligand coverage.
Such coverage-dependent competitive and cooperative orbital redistributions can cause two basic effects. For nanomaterials, delocalization of SAOs into the lattices gets decreased, which can narrow the energy bands, shift band edges, modify the electronic structures and increase surface reactivity (Fig. 3) . Specifically, the band gaps and optical properties of semiconductors can be tuned as we have shown in Fig. 2A and 2B . For adsorbates, the strength of chemisorption can be enhanced due to the increased fS, and the increased surface reactivity can further accelerate more chemisorption. In brief, increasing adsorbate coverages can enhance both surface reactivity and chemisorption strength, which is a positive feedback and can eventually lead to saturated surface ligation. We refer to this feature of coverage-dependent molecule-surface interactions on nanomaterials as nanoscale cooperative chemisorption.
We further study the coverage effects through quantum chemical calculations based on density functional theory (DFT) to analyze the tunable bonding interactions. The adsorption structures with different EG coverages (θ = 25%, 50%, 75% and 100%) on TiO2(B) NSs were optimized ( fig.  S14 ), and the model of 25% coverage was selected to analyze the bonding configurations between surface Ti atoms and the O atoms in EG ligand using periodic natural bond orbital (NBO) analysis. As shown in table S3, EG molecules bind to Ti sites through triple bonds, one σ and two π bonds. The σ bonding dominates the interaction because its orbital hybridization 0. This competitive and cooperative orbital redistribution by chemisorption is clearly a general surface phenomenon that has been underappreciated in the nanomaterial and catalysis community. The interplay between the localized orbitals in the adsorptive states and the delocalized orbitals in the band structure deems to play a significant role in surface science and chemisorption. Our current finding of the electronic origin that drives coverage-dependent surface effects on nanomaterials provides a new avenue to tune electronic structures of nanomaterials and design of catalysts. The physical picture of cooperative chemisorption and the electronic-level mechanism of cooperative orbital redistribution present a viewpoint to reveal the mechanisms of nanoscale phenomena regarding molecule-surface interactions.
